We investigated the occurrence of associations between overstory and understory tree species in a semideciduous tropical forest. We identified and measured all trees of nine canopy species with diameter at breast height ≥4.8 cm in a 10.24 ha plot and recorded all individuals beneath their canopies ("understory individuals") within the same diameter class. The total density of understory individuals did not significantly differ under different overstory species. One overstory species (Ceiba speciosa) showed higher understory species richness compared with five other species. There was a strong positive association between three overstory species (Esenbeckia leiocarpa, Savia dictyocarpa, and C. speciosa) and the density of seven understory species (Balfourodendron riedelianum, Chrysophyllum gonocarpum, E. leiocarpa, Holocalyx balansae, Machaerium stipitatum, Rhaminidium elaeocarpum, and S. dictyocarpa). These results probably reflect the outcome of a complex set of interactions including facilitation and competition, and further studies are necessary to better understand the magnitude and type of the effects of individual overstory species on understory species. The occurrence of species-specific associations shown here reinforces the importance of non--random processes in structuring plant communities and suggest that the influence of overstory species on understory species in high-diversity forests may be more significant than previously thought.
Introduction
Trees are a major component of forest ecosystems and their interactions with other plants and organisms are assumed to play a fundamental role in structuring forest communities. One of the key factors by which trees influence ecological processes is related to how they regulate environmental heterogeneity as they can create, maintain, or modify biotic and abiotic characteristics across temporal and spatial scales (Jones et al. 1997; Pickett et al. 2000) . For instance, trees can influence the light beneath their canopies (Tomita & Seiwa 2004; Bartemucci et al. 2006; Mejía-Domínguez et al. 2011) , the physical and chemical soil properties (Amiotti et al. 2000; Garbin et al. 2006) , litter depth (Mejía-Domínguez et al. 2011) , as well as the organismal community of the rhizosphere (Watkinson 1998 ) and the phylosphere (Lambais et al. 2006) . According to its characteristics, a species may provide preferential habitats for some organisms more than others, creating selective forces and giving rise to species-specific interactions (Walker & Vitousek 1991; Tewksbury & Lloyd 2001; Tecco et al. 2006) . Therefore, some canopy species could act as ecological filters "selecting" the species that establish beneath their canopies either through positive or negative associations (George & Bazzaz 1999a; b; Peters et al. 2004; Tomita & Seiwa 2004) .
There is evidence that the magnitude of the effects that organisms have on one another is influenced by their sizes (Jones et al. 1997; Tewksbury & Lloyd 2001) and also depends on the amount of time that the conditions responsible for the effects remain present in the environment, i.e., the longer the driving force is present, the larger will be the magnitude of its effects (Jones et al. 1997) . Therefore, it can be predicted that overstory trees may significantly influence the structure and species composition of the understory as they occupy a considerable amount of space and remain for dozens or even hundreds of years in the forest. However, in species-rich ecosystems, such as tropical and subtropical forests, there are few studies investigating associations between overstory and understory plants, and much remains to be explored, particularly regarding tree species (Walker & Vitousek 1991; Vieira et al. 2004; Mejía-Domínguez et al. 2011) .
Numerous authors have shown that distinct overstory species differentially affect not only the general environment, but also other species, with consequences for the density and species richness underneath their canopies ( 2008; Mejía-Domínguez et al. 2011) . The potential for a given species to promote different responses in other species calls attention to the importance of considering species identity in ecological studies to better understand the mechanisms influencing community organization. Here, we investigated the occurrence of species-specific associations between overstory and understory plants and their consequences on the community organization in a semideciduous tropical forest. We assessed the woody plant community beneath nine overstory species to determine the existence of differential responses in the understory plant density and species richness. We addressed the following questions: i) does the total density of understory individuals differ among overstory species? ii) does the understory species richness differ among overstory species? iii) does the density of each of the understory species differ among overstory species?
Methods

Study site and field survey
This study was conducted at the Caetetus Ecological Station (EEC) (Gália and Alvinlândia municipalities, São Paulo State, Brazil; 22º41' S; 49º10' W), which comprises around 2200 ha of seasonal semideciduous forest (IBGE 2012) . The annual rainfall at the site is 1300 mm and the water deficit occurs between April and September, when 20-50% of the individuals lose their leaves (IBGE 2012) .
The sampling was done in a 10.24 ha permanent plot previously allocated in the central portion of the EEC, where all trees with diameter at breast height (DBH) ≥4.8 cm were tagged, measured, and identified. For this study, we selected a subset of the overstory trees (i.e., those which formed the forest canopy) which had at least five individuals in the plot. We excluded palms and all the trees that were bent, broken, or with crowns covered by lianas, as well as the trees inside or at the edge of gaps. We also excluded the pioneer species in the overstory, since their life-cycle is short (Swaine & Whitmore 1988) and their effects on both young and adult understory trees would most likely be minimal in comparison to late successional species. Underneath the canopy of each overstory tree, we recorded all trees and treelets with DBH ≥4.8 cm (hereafter referred as "understory individuals"). As the overstory trees had different crown sizes, the sampling area varied according to each overstory individual. To calculate the crown area of the overstory trees and to estimate the density of understory individuals, we took two perpendicular measurements, the first corresponding to the largest crown length (Mueller-Dombois & Ellenberg 1974) .
Data analysis
To test for differences in the total density of understory individuals beneath the overstory species, we performed a permutational (or randomized) analysis of variance (ANOVA), with the overstory species as the independent variable, and the number of levels corresponding to the number of overstory species. As the variances were homogeneous, we used this alternative approach to avoid the inflation of Type I error due to the possible spatial autocorrelation among sampling units (Legendre et al. 1990; Legendre & Legendre 1998; Dale & Fortin 2002) . We obtained the P-value by running 10,000 permutations with our original data so that an error probability of 0.05 means that in 5% of the 10,000 permutations the obtained F-value was equal to or higher than the original F-value (Manly 1991) . This procedure was conducted with the software R (R Development Core Team 2014).
Since species richness is highly influenced by the abundance of individuals in the sample (Magurran 2004 ), we used rarefaction curves to test for differences in species richness in the understory. With this technique, we reduced the samples to a common number of individuals, thus controlling for differences in the abundance of understory individuals under each overstory species. For this analysis, we used the "diversity analysis" option in EcoSim 7.0 (Gotelli & Entsminger 2001) , with independent sampling and 1000 iterations. We carried out this procedure several times to estimate the species richness in the understory community under each individual overstory species, performing two-by-two comparisons of the overstory species.
To explore the occurrence of species-specific associations between the overstory and understory species we used correspondence analysis (CA). Among ordination techniques, this is one of the most recommended method for investigating the relationships between species (here, represented as the understory species) and different locations (here, corresponding to the habitat underneath overstory species) (Manly 1994) . To avoid distortions caused by species with low abundance, we considered only the understory species that had at least five individuals. We performed the CA using a two-way contingency table containing the overstory species in the rows and the understory species in the columns; the data in each cell represented the density of each understory species beneath each overstory species. We assessed the results of the axes for which the eigenvalues were higher than the expected by the "broken stick" null model (Legendre & Legendre 1998) . The CA was performed with the Fitopac 1.6 software (Shepherd 2006) .
Results
We recorded 138 overstory individuals that corresponded to nine tree species (Table 1) . Underneath their canopies, we found 1008 trees distributed among 73 species (Table 2) . Only 26 understory species were represented by five or more individuals, corresponding to 925 individuals included in the CA.
The total density of individuals in the understory did not differ among the nine overstory species (permutational ANOVA: F = 0.402, P = 0.918). In general, species richness in the understory did not differ among the overstory species, except for Ceiba speciosa, which showed higher species richness when compared to Senegalia polyphylla, Astronium graveolens, Centrolobium tomentosum, Esenbeckia leiocarpa, and Savia dictyocarpa (Table 3 ).
The first two ordination axes had values higher than the broken stick model. The cumulative inertia of both axes, which represents the explained variation, was 61.8%. The plotted scores of the overstory species showed that there were three species (E. leiocarpa, S. dictyocarpa, and C. speciosa) that were the most distant from the centroid (the mean of the rows and columns of the matrix), i.e., they were different from the average profile (Fig. 1A) . When as- Table 1 . Abundance of the overstory trees and the total density of understory individuals beneath their canopies (mean ± standard error) in a tropical semideciduous forest in Brazil. There were no significant differences in the density of understory individuals among overstory species (permutational ANOVA, P < 0.05).
Family
Overstory Table 3 . Mean (S -) and 95% confidence interval (CI) of estimated understory species richness underneath overstory species in a two-by-two comparison. The numbers between brackets are the total number of understory individuals and species under the corresponding overstory species, respectively. When the recorded species richness (in brackets) falls within the CI of the species in the rows, there is no significant difference by rarefaction. The overstory species that showed differences in the understory species richness are in bold. Lo-Lower limit of the CI; Up-upper limit of the CI. 
Esenbeckia leiocarpa 10.3 8 12 11.7 11 12 -
sessing both overstory (Fig. 1A) and understory (Fig. 1B) plotted scores, as if they were overlapped, it was possible to visualize that the ordination of these three species was influenced primarily by the density of E. leiocarpa and Holocalyx balansae (underneath E. leiocarpa); Chrysophyllum gonocarpum and S. dictyocarpa (under S. dictyocarpa); and Machaerium stipitatum, Rhaminidium elaeocarpum, and Balfourodendron riedelianum (under C. speciosa). The density of understory individuals of the species H. balansae and E. leiocarpa was higher underneath E. leiocarpa overstory trees (Fig. 2) . Chrysophyllum gonocarpum and S. dictyocarpa showed higher density under S. dictyocarpa, whereas M. stipitatum, R. elaeocarpum, and B. riedelianum had higher density underneath C. speciosa (Fig. 2) .
Discussion
The total density of understory individuals was not affected by any overstory species, which is partially consistent with the findings of Mejía-Domínguez et al. (2011) . These authors compared the density of saplings underneath the canopy of four different overstory species and did not find any significant differences between them. However, they did not discuss what factors could be responsible for this pattern, although significant differences were observed in some environmental variables (soil moisture, litter depth, and total solar radiation) under different canopy species. On the other hand, when comparing each canopy species to a mixed-species canopy "control", Mejía-Domínguez et al. (2011) found lower sapling density beneath one of the studied species. Similarly, when comparing the understory of four palm species, Wang & Augspurger (2006) found that woody seedling density was lower under two of them, although these differences varied according to the specific study site. Dias et al. (2005) found contrasting effects of patches dominated by Clusia hilariana Schltdl. on different size classes of individuals in the understory (seedlings, juveniles, and adults) in comparison to non-Clusia patches. Seedling density was not affected by C. hilariana, whereas the density of juveniles was higher beneath Clusia patches, and the density of adults was lower. According to the authors, the possible factors responsible for the results observed in all of these studies include differences in litter depth, light levels, and seed deposition under the canopies, which could lead to positive or negative effects depending on the considered species.
Although we did not observe any effects of the overstory species on the total density of understory plants, our results suggest the occurrence of species-specific associations between overstory and understory species in terms of community species richness and density of individual understory species. We found that species richness was significantly higher under C. speciosa compared with five other overstory species. A similar finding was reported by Koorem & Moora (2010) when comparing two species in a spruce-dominated forest. They believe that Corylus avellana had higher species richness beneath its canopies due to the smaller amount of litter it produced, which would be more suitable for seedling development. Cavieres & Badano (2009) also found higher species richness of plants growing within cushion-plants in several alpine ecosystems and suggested that the main mechanism operating in their study was the amelioration of stressful conditions by the cushionplants, resulting in a positive (facilitative) effect on other species. This does not seem to be the case for C. speciosa in the present study as the study site is not a harsh environment; therefore, the occurrence of facilitation through the attenuation of deleterious microenvironmental conditions appears to be unlikely. The architecture of C. speciosa may be a reasonable explanation for the higher species richness in its understory as it is a tall species with a very conspicuous crown, which can make it more attractive to animals which, in turn, can potentially disperse the seeds of other species underneath its canopy. Although C. speciosa is known to possess wind-dispersed seeds (Morellato 1991) , there are reports of primates (Olmos et al. 1997) and birds (Willis 2002) feeding from them. Its flowers are big and colorful, which makes them very attractive to the avifauna (Galetti 1993; Willis 2002) , and the kapok (silky fibers) is used by many bird species to make their nests (A Z Antunes pers. comm.). Thus, both the primates and birds may excrete or regurgitate previously ingested seeds when visiting C. speciosa trees, enhancing the plant species richness underneath their canopies. All the other overstory species have wind-(six species) or ballistic-dispersed (two species) seeds, with no evidence of interactions with frugivorous animals. However, our results do not allow us to safely state that the higher species richness under C. speciosa is the outcome of a positive effect of this species on the understory community.
In addition to the higher species richness under C. speciosa, our results showed evidence of associations between three overstory species and seven understory species, reflected in the different densities of understory species depending on the corresponding overstory species. There are a multitude of factors that may explain different responses of a particular species in the understory, which include either facilitative mechanisms (e.g., "nurse" effects of canopy species) or competition. Among the positive effects, the benefactor may, for example, provide more favorable sites for germination and seedling establishment under their canopies (Tirado & Pugnaire 2005) , amelioration of harmful microenvironmental conditions (Wang et al. 2008; Cavieres & Badano 2009) , and a higher supply of nutrients (Souza et al. 2013 ), water (Rigg et al. 2002 , and light (Tomita & Seiwa 2004; Souza et al. 2014) . Greater seed deposition rates by dispersers (Dias et al. 2005; Duarte et al. 2010 ) is also an important factor contributing to higher density or species richness under certain species, although this would not be considered true facilitation (Callaway 2007) . Competition for abiotic resources (e.g., light, water, nutrients), as reported by many authors, is also an important structuring mechanism in plant communities (Callaway & Walker 1997; Maestre et al. 2009; Long et al. 2013) . Actually, the net effect of one species on another reflects the outcome of multiple positive and negative interactions between them (Callaway 1995; Holmgren et al. 1997; Long et al. 2013; Martorell & Freckleton 2014) , and additional specifically designed studies will be necessary to elucidate these questions.
The substantial differences in plant responses in our study shed light on the debate about the assembly rules in tropical forests. For several decades, ecologists have explained species coexistence and the high diversity of these forests through the "niche partitioning" theory, which hypothesizes that species are specialized for different resources, thus occupying different microenvironments (Penfold & Lamb 2002; Silvertown 2004 ). More recently, several authors have been challenging the role of this mechanism to explain species coexistence. Instead, they state that succession is driven by stochastic events (see review in Brokaw & Busing 2000; Hubbell 2001 ). The existence of speciesspecific associations suggested by our study reinforces the importance of non-random processes (niche partitioning) in community organization (Duarte et al. 2010; Long et al. 2013) and suggest that the influence of overstory species on understory species in high-diversity forests may be more significant than previously thought.
Our study also highlights the importance of considering the taxonomic identity of overstory species in future studies, as it can provide valuable insights into the causes of the environmental heterogeneity in the understory and its consequences for succession (Mejía-Domínguez et al. 2011) . Other aspects of plant-plant associations, such as indirect interactions (Schöb et al. 2013) , shifts in the interactions that may occur during the different plant-life phases Density of the seven understory species that contributed most to the ordination that resulted from the Correspondence Analysis. The position of each circle corresponds to the scores of the overstory species, and the size of the circle is directly proportional to the density of understory individuals. The codes for the overstory species names are referenced in Table 1 . (Dias et al. 2005; Roux et al. 2013) , above and belowground relationships (Vivanco & Austin 2008; Montgomery et al. 2010) and effects of multiple species traits (Eviner 2004; Méndez-Toribio et al. 2014) should also be considered when investigating species-rich ecosystems. The increased knowledge concerning the complex set of interactions between species in tropical forests will not only substantially improve our comprehension of the dynamics of speciesrich communities, but can also serve as a powerful tool for ecological restoration projects, since the patterns of occurrence and spatial distribution of plants appear to be strongly influenced by their neighbors (George & Bazzaz 1999a; Gomez-Aparicio 2009; Montgomery et al. 2010) , thus playing a crucial role in restoration success.
